Background Anterior cruciate ligament (ACL) injures incur over USD 2 billion in annual medical costs and prevention has become a topic of interest in biomechanics. However, literature conflicts persist over how knee rotations contribute to ACL strain and ligament injury. To maximize the efficacy of ACL injury prevention, the effects of underlying mechanics need to be better understood. Questions/purposes We applied robotically controlled, in vivo-derived kinematic stimuli to the knee to assess ligament biomechanics in a cadaver model. We asked: (1) Does the application of abduction rotation increase ACL and medial collateral ligament (MCL) strain relative to the normal condition? (2) Does the application of internal tibial rotation impact ACL strain relative to the neutral condition? (3) Does combined abduction and internal tibial rotation increase ligament strain more than either individual contribution?
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Background Anterior cruciate ligament (ACL) injures incur over USD 2 billion in annual medical costs and prevention has become a topic of interest in biomechanics. However, literature conflicts persist over how knee rotations contribute to ACL strain and ligament injury. To maximize the efficacy of ACL injury prevention, the effects of underlying mechanics need to be better understood. Questions/purposes We applied robotically controlled, in vivo-derived kinematic stimuli to the knee to assess ligament biomechanics in a cadaver model. We asked: (1) Does the application of abduction rotation increase ACL and medial collateral ligament (MCL) strain relative to the normal condition? (2) Does the application of internal tibial rotation impact ACL strain relative to the neutral condition? (3) Does combined abduction and internal tibial rotation increase ligament strain more than either individual contribution?
Methods A six-degree-of-freedom robotic manipulator was used to position 17 cadaveric specimens free from knee pathology outside of low-grade osteoarthritis (age, 47 ± 8 years; 13 males, four females) into orientations that mimic initial contact recorded from in vivo male and female drop vertical jump and sidestep cutting activities. Four-degree rotational perturbations were applied in both directions from the neutral alignment position (creating an 8°range) for each frontal, transverse, and combined planes while ACL and MCL strains were continuously recorded with DVRT strain gauges implanted directly on each ligament. Analysis of variance models with least significant difference post hoc analysis were used to assess differences in ligament strain and joint loading between sex, ligament condition, or motion task and rotation type. Results For the female drop vertical jump simulation in the intact knee, isolated abduction and combined abduction/internal rotational stimuli produced the greatest
Introduction
In the knee, the anterior cruciate ligament (ACL) serves as the primary soft tissue restraint to anterior tibial translation and a secondary restraint to motion in additional degrees of freedom, whereas the medial collateral ligament (MCL) is aligned to primarily resist abduction [12, 14, 39] . Within the past 20 years, robotic methods of joint articulation have allowed investigators to examine the underlying mechanical behaviors through more physiologic simulations of activities of daily living on cadaveric specimens [12, 23, 26, 39] . These in vitro data would be unobtainable in vivo as a result of the invasive nature of biomechanical testing. Much of this work has evaluated and improved the efficaciousness of surgical methods and graft material selections used in ACL reconstructions with respect to native ACL biomechanics [12, 15, 19, 20, 28, 35, 43, 49, 51, [56] [57] [58] . These simulations have also gathered data on the mechanical contributions of the intact ACL in response to Lachman's and pivot shift tests [15, 19, 20, 28, 35, 43, 49, 51, [56] [57] [58] , gait cycles [23, 39] , and landing impact forces [32, 40, 41, 46, 52, 53] . The accrued data have advanced the knowledge of ACL function and provided a baseline of comparison by which to evaluate the effectiveness of ACL injury treatments.
One goal of in vitro knee simulations has been identification of primary mechanical precursors to ACL injury. Unfortunately, data extracted from various experimental methods of mechanical knee simulations lack consistency [6, 32, 40, 41, 45] . Impact simulators and robotic articulation models have documented that combined knee abduction and internal rotations place the greatest mechanical demand on the ACL [41, 45, 50] . Robotic manipulators capable of force-torque and position control have demonstrated that knee abduction has a greater impact on the mechanical loading of the ACL than internal tibial rotation [5] , whereas some simulations driven by pulse loads and torque transformers have indicated the opposite [40, 41] . This disparity may be caused by fundamental differences in simulation methods that lead to varying degrees of physiological accuracy [5] . It is important to accurately identify the underlying contributors to ACL loading during physiologic tasks because this knowledge could be extrapolated to improve the efficacy of injury prevention and rehabilitation techniques. Most models that have quantified mechanical contributions to ligament load and strain are constrained via a combination of force, torsional, and anatomic restrictions [5, 15, 19, 20, 28, 32, 35, 40, 41, 43, 46, 49, [51] [52] [53] [56] [57] [58] . Only limited literature is available pertaining to models of dynamic tasks that are precision constrained relative to in vivo kinematics [6] [7] [8] [9] 23] . Accordingly, there is a gap in knowledge regarding the quantification of how a precise, physiologically relevant kinematic perturbation influences change on these in vitro models.
The purpose of this study was to apply robotically controlled kinematic stimuli to joint orientations derived from in vivo-recorded athletic activities to determine the effects of abduction, internal, and combined rotations on knee ligament biomechanics. We asked: (1) Does the application of abduction rotation increase ACL and MCL strain relative to the normal condition? (2) Does the application of internal tibial rotation impact ACL strain relative to the neutral condition? (3) Does combined abduction and internal tibial rotation increase ligament strain more than either individual contribution?
Patients and Methods
Twenty-one lower extremity cadaver specimens from 13 unique subjects (age, 48 ± 7 years; mass, 85 ± 20 kg; nine males, four females) were acquired from an anatomic donations program (Anatomical Gifts Registry, Hanover, MD, USA). Four specimens were excluded as a result of specimen failure during testing, preexisting ACL damage, or a nonfunctional ACL, leaving 17 specimens from 11 unique donors for data analysis. Specimens were then randomized into either an ACL (N = 9; age, 47 ± 8 years; mass, 86 ± 22 kg) or MCL group (N = 8; age, 48 ± 8 years; mass, 87 ± 20 kg) while ensuring that contralateral pairs were separated such that the right and left legs from a single donor would be placed into opposite groups. Using a six-degree-of-freedom (6-DOF) robotic manipulator (KR 210; KUKA Robotics Corp, Clinton Township, MI, USA) mounted with a six-axis load cell (Theta Model; ATI Industrial Automation, Apex, NC, USA), specimens were positioned in orientations associated with initial ground contact during athletic tasks. These orientations were derived from three-dimensional (3-D), in vivo motion capture kinematics. From this baseline orientation, each limb was articulated through rotational kinematics that have been associated with ACL injury risk or ACL deficiency (ACLD). Specimens were simulated through this protocol in the intact condition and then in an isolated ACL or isolated MCL condition, dependent on group randomization. During testing, the load cell recorded joint forces and torques while 3-mm microminiature differential variable strain transducers (DVRT1, LORD; MicroStrain Inc, Williston, VT, USA) recorded ACL and MCL strain. DVRTs were implanted on the proximal third of the anteromedial bundle of the ACL and across the joint line in the midsubstance of the MCL as specified in previous literature [6, 7, 32] . Explicit details of the robotics model utilized were previously published and are briefly conceptually described subsequently [6] .
Kinematic Model
The acquisition of 3-D motion data and its conversion into input for in vitro robotic simulations have been previously documented [6, 16] . Briefly, 3-D motion capture was performed at 240 Hz by a 10-camera system (Eagle Cameras; Motion Analysis Corp, Santa Rosa, CA, USA) on a male (age, 24 years; height, 175 cm; mass, 69 kg) and female (age, 25 years; height, 170 cm; mass, 64 kg) subject that were matched for age, mass, height, and level of athletic activity. These positional data were truncated to landing phase [2] and then filtered at 6 Hz and processed through an established biomechanical model in Visual3D (Version 4.0; C-Motion, Inc, Germantown, MD, USA) to calculate joint kinematics [16] . Resultant kinematics from the knee were mathematically adjusted to minimize the impact of skin-marker artifact errors during the execution of robotic simulations [6] . These adjusted kinematics represent the input that was used to direct joint positioning in our robotic simulation. Previous literature has demonstrated that athletes can be classified into tertiles of relative risk for injury based on the joint mechanics they demonstrate while performing drop vertical jump (DVJ) tasks. This classification is largely based on the peak knee abduction moment calculated in Visual3D during landing, which has been directly associated with risk for ACL rupture [3, 24, 36] . Based on these tertiles of injury risk classification, the male subject used for kinematic model development exhibited low potential of injury risk, whereas the female subject used for kinematic model development exhibited high potential for injury risk.
An explicit account of specimen preparation procedures was previously documented [6, 23] . Specimen criteria were defined as no history of knee trauma, knee surgery, bone cancer, or ankle or shin implants. The limbs were kept frozen at À20°C and allowed to thaw the day before testing. The specimen was resected of all soft tissue down to the knee capsule, leaving the collateral and cruciate ligaments and menisci intact. Anatomic landmarks were marked and used to define the tibial joint coordinate system [21] . Using this system, custom biomechanical fixtures were affixed around the tibia, which was then rigidly mounted to the load cell on the robot end effector such that the tibia, load cell, and robot axes were all aligned. The tibial joint center point was digitized with a coordinate measuring machine (Faro Digitizer F04L2; FARO Technologies Inc, Lake Mary, FL, USA) and all rotations, translations, forces, and torques were applied or recorded about this point. Mounted specimens were articulated to 45°, because the ACL is likely minimally loaded in this position [47] , and DVRTs were implanted on the ACL and MCL using previously described techniques [10, 32] . For the initial position of each simulated task, the in vitro limb orientation of all three rotational DOFs was verified to be within 0.5°of the initial contact limb orientation that was respectively recorded from both of the in vivo subjects. At this point, the limbs were cycled through the simulation kinematics beginning with no initial compressive force applied to the joint. The initial compressive force was then incrementally increased between cycles until a six-axis load cell mounted on the end effector of the robotic manipulator measured an overall peak compressive force of 2.0 to 2.5 body weight during the simulated DVJ tasks. This force range represents the peak single-leg vertical ground reaction force generated in vivo when landing from a DVJ [2] . Similarly, a peak force of 1.5 to 2.0 body weight was attained for sidestep cut tasks.
Robot Simulation
All tests were performed at room temperature and the joint was consistently hydrated with saline. Initial contact orientation for four athletic tasks (male DVJ, male sidestep cut, female DVJ, female sidestep cut) was simulated on each specimen in a randomized order, regardless of specimen sex. The initial position was used as a starting orientation to cycle a series of rotational adjustments (± 4°i solated knee abduction, ± 4°isolated internal tibial rotation, ± 4°combined abduction and internal rotations). These kinematic adjustments were selected because they represent DOFs where the ACL resists knee motion and are associated with either ACL injury risk or ACLD [1, 12, 24, 37, 38, 45, 52] . A ± 4°rotational shift will create an 8°range for knee abduction angles at initial contact, which has been reported as the mean difference between athletes who went on to ACL injury and healthy control subjects [24] . A ± 4°change in internal rotation is representative of the additional tibial motion observed in ACL-deficient subjects during gait [1] . Finally, valgus collapse, defined as the combination of knee abduction and internal rotation of the tibia [44] , is cited in most retrospective video analyses of noncontact ACL ruptures [11, 25, 42] . These rotational adjustments were cycled from initial contact orientation because pilot testing revealed that is where peak ACL strain is most likely to occur and injury onset studies suggest that ACL ruptures occur immediately after initial contact in a position of limited flexion [30] . This description is best matched by our initial contact orientations, all of which expressed between 10°a nd 22°of knee flexion. To minimize viscoelastic effects, 10 preconditioning cycles were simulated before the 10-cycle set where forces, torques, and strains were recorded. After all cycling was completed, the specimen was manually articulated to the initial position for the next task and the process was repeated. Once all simulations were performed on the intact knee, the specimen was resected of all soft tissue and the distal portions of the femoral condyles such that the only load-bearing structure remaining in the knee was the ACL or MCL, dependent on specimen group randomization. All simulations were repeated in this isolated ligament condition (Fig. 1) . After simulation, the joint was returned to initial contact orientation, compressed to an unloaded position, and slowly distracted along a linear path to identify the neutral strain position of the ligament. Because the isolated ligament was the only intact load-bearing structure remaining across the joint, any magnitude of constantly maintained distraction force achieved while moving across this linear path would indicate the position at which the ligament transitioned from lax to taut. This transition was defined as the neutral strain point and was identified when the force sensors first registered a constant distraction force [ 5 N. The remaining ligament was then resected and all simulations were repeated in a bone-only condition to be subtracted out as gravity contributions during data analysis.
Data Analysis
Having identified the neutral strain inflection point of the ACL and MCL, ligament strains were reported as absolute values rather than changes relative to the DVRT insertion orientation. This eliminated a limitation typical of in vitro ligament strain assessments [32, 40, 41, 52] . The eighth and ninth cycles of each 10-cycle set were used for analysis to mitigate cycle effects. All data points were time-normalized to percentage of landing phase for each task. Data from the intact knee portion of the model were analyzed across the whole population cohort; however, before analysis, data points from each contralateral pair were averaged so that the contralateral pairs would not have a weighted effect on calculations. Averaging contralateral pairs was justified because contralateral limbs express a lack of mechanical differences in robotic simulations [4] . For the isolated ligament portion of the model, ACL and MCL groups were compared as randomized previously. A 2 9 7 analysis of variance with a Bonferroni post hoc analysis was used to evaluate differences in ligament strain between ligaments (ACL, MCL) relative to each of the Fig. 1 Graph outlines the cadaveric model used in this investigation. For each specimen, all simulation conditions were applied to the intact knee (n = 11) as well as either the isolated ACL knee (n = 9) or isolated MCL knee (n = 8), dependent on group randomization. rotational stimuli applied to the joint (neutral, internal rotation, external rotation, knee abduction, knee adduction, combined abduction/internal rotation, and combined adduction/external rotation). Ligament of interest and rotation applied were independent variables, whereas ligament strains were dependent variables. In all models, each of the four motion tasks simulated were assessed separately from one another. Significance was determined at a \ 0.05. All statistical analyses were performed in JMP Pro (Version 10.0.0; SAS Institute Inc, Cary, NC, USA). Effect size for the group with the smallest difference from neutral was 0.47, as determined from the raw data. Based on the 2 9 7 ANOVA model, G*Power (version 3.1.9.2; Universität Düsseldorf, Düsseldorf, Germany) indicated that a sample size of six per group would be needed to achieve 0.8 power. The minimum group size was eight for the MCL group (with nine for the ACL group and 11 for both groups in the intact knees). Therefore, the present analyses were sufficiently powered.
Results
For consistency, all example values presented in the results text were derived from the female DVJ simulation. For ACLs in the intact knees, there were no differences in mean ACL strain between each of the applied rotational stimuli, including the neutral position (largest mean difference was between isolated external and combined abduction/internal rotations, 2.3%; 95% confidence interval [CI], À0.3% to 4.3%; p = 0.08; Table 1 ). However, there were differences in the magnitude of change induced on ACL strain between the various rotational stimuli (abduction versus internal rotation mean difference, 2.3%; 95% CI, 1.4%-3.2%; p \ 0.001; combined abduction/internal versus internal rotation mean difference, 1.3%; 95% CI, 0.4%-2.2%; p = 0.003; Table 2 ). For the intact knee condition, knee abduction (1.5% ± 1.0%) and combined knee abduction/internal rotation (1.8% ± 1.3%) fostered a greater change in ACL strain as compared with any other remaining stimuli (smallest mean difference, 1.0%; 95% CI, 0.1%-2.0%; p = 0.005; Table 2 ). External rotation was the only condition that induced strain relaxation on the ACL (smallest mean difference, 0.7%; 95% CI, À0.2% to 1.6%; p = 0.049).
Absolute MCL strains were smaller than ACL strains in the intact knee relative to positional external stimuli (mean difference, 3.2%; 95% CI, 1.2%-5.3%; p = 0.004), isolated external (mean difference, 2.8%; 95% CI, 0.7%-4.9%; p = 0.001), isolated internal (mean difference, 3.6%; 95% CI, 1.6%-5.7%; p = 0.001), isolated adduction (mean difference, 4.8%; 95% CI, 2.4%-7.1%; p \ 0.001), combined abduction/internal (mean difference, 3.1%; 95% CI, 0.8%-5.5%; p = 0.012), and combined adduction/external (mean difference, 4.2%; 95% CI, 1.9%-6.6%; p = 0.001) rotations (Tables 1, 3) . Within the MCL, isolated abduction produced strains of 2.1% ± 2.8% and combined abduction/ internal produced strains of 2.0% ± 2.6%, while isolated adduction produced strains of À0.6% ± 2.7% and combined adduction/external produced strains of À0.8% ± 2.5%; however, these were found to have no difference from one another (smallest mean difference, 2.5%; 95% CI, À0.3% to 5.4%; p = 0.201; Table 3 ). These rotations acted in opposing manners because abduction increased MCL strain relative to neutral and adduction decreased MCL strain relative to neutral. Similarly, the magnitude of change in MCL strain relative to the neutral position was greater for abduction and combined abduction/internal rotation than for any other rotation (smallest mean difference, 1.6%; 95% CI, 0.7%-2.5%; p \ 0.001; Table 4 ). Isolated adduction and combined adduction/external DOFs removed all load to the MCL in the intact knee because they produced negative absolute strain values. When specimens were resected down to the MCL-isolated condition, the MCL remained unstrained throughout most rotational stimuli with the exception of minimal strain occurring during abduction and combined abduction/internal rotation.
Transverse plane stimuli had a greater magnitude of change in ACL strain (internal rotation = 0.5% ± 0.4%, external rotation = À0.5% ± 0.2%) than MCL strain (internal rotation = 0.1% ± 0.2%, external rotation = 0.0% ± Absolute strain is defined as a percentage of change in the DVRT sensor length relative to the zero strain length established for each ligament; *significant difference between comparable anterior cruciate ligament measures; a = significant difference from neutral; b = significant difference from external; c = significant difference from internal; d = significance difference from abduction; e = significant difference from adduction; f = significant difference from combined abduction/internal; g = significant difference from combined adduction/external; DVJ = drop vertical jump Mean ( Tables 2, 4 ; Figs. 2, 3) . Likewise, change in strain relative to the neutral orientation was different between ligaments when adduction stimuli were applied, because they increased strain in the ACL (0.8% ± 0.7%), but decreased strain in the MCL (À0.9% ± 0.8%, p \ 0.001). In the intact knee, there were no differences in the magnitude of change in strain between ligaments caused by abduction stimuli (ACL = 1.6% ± 1.0%, MCL = 1.8% ± 1.0%; p = 0.601). However, for the isolated ligament condition, the MCL experienced greater change in strain from abduction stimuli (2.2% ± 1.1%) than did the ACL (À0.1% ± 0.3%; p \ 0.001).
Discussion
Despite the high cost and prevalence of ACL injuries, debate continues over which underlying mechanical factors contribute most substantially to ligament loading during injury. Because most intraarticular knee models use torsional or external load constraints, this study, to our knowledge, presents the first investigation of ACL and MCL strain response to kinematically restrained perturbations applied to the knee relative to an in vivo-derived initial contact position. Because clinical ACL injuries occur within the first 50 msec of contact [29] , investigation of ligamentous response to perturbation in initial contact orientations should prove relevant to injury mechanics. The rotational perturbations selected have been identified as contributors to ACL strain [32, 40, 41, 50, 52] , motions secondarily resisted by the ACL [12] , or (in the case of knee abduction) predictors of ACL injury risk [13] . The minor alterations in absolute ACL strain induced by the presently applied rotational stimuli were not found to be different from strain magnitudes recorded at the neutral limb position. However, the magnitude of change induced on ACL strain in the intact knee was greater for pure abduction and combined abduction/internal rotations than any other DOF. Thus, this finding partially supports the hypotheses that combined abduction/internal rotation would increase ligament strain greater than any individual DOF and that pure internal rotation would have a lesser impact on ACL strain as compared with matched magnitudes of pure abduction rotation. In previous investigations, combined rotational stimuli have had a greater impact on ACL strain than rotations in any individual DOF. This has been documented in computational models [50] , impact testing [32, 40, 41] , and robotic manipulator-driven articulations [5] .
A limitation of the current investigation is that the applied stimuli are nonphysiologic. Rarely in dynamic activity is rotation strictly confined to a single plane of motion. However, like clinical examinations such as the Lachman's test, the current motions can still prove valuable in the assessment of functional ligament mechanics. Numerous investigators have used robotically simulated Lachman's tests of pure anterior drawer to quantify ACL mechanics in the same fashion that the current study evaluates rotational perturbations [5] . Furthermore, the present results maintain clinical relevance because each stimuli is tested individually, but also in conjunction with one another, which is more representative of the [17, 18] . However, previous investigations have indicated that the average ACL ruptures at 19% ± 10% strain, whereas individually these failures occur between 7% and 36% [32] . This presents a large natural variability in ACL strain between specimens. Furthermore, substantial biologic variability in loading outcomes has also been denoted in previous robotic manipulator applications [54] . As such, despite robotic manipulator precision, the biologic variability present in ACL mechanical properties between specimens may have created SDs large enough to preclude statistical significance at the strain magnitudes exhibited in this study. Post hoc power analysis (based on Table 1 ) indicated the effect size between isolated internal rotation stimuli and combined abduction/internal rotation stimuli was 0.44, which would have necessitated 114 specimens per group to achieve significance. This is both implausible and impractical to execute in a cadaveric study. Had the magnitude of rotational stimuli been increased to 8°in each direction, rather than an 8°total range centered around neutral, the data likely would have had an increased effect size and potentially exhibited additional differences between types of stimuli applied. Furthermore, the absence of differences in peak strain between applied rotational stimuli ( Tables 1, 3 ) may be the result of limitations of DVRT implantation. Although the gauges were barbed and sutured in place, the ACL is not a rigid structure and allows either end of the sensor some movement within the implantation site. With the relatively small changes that were documented in ACL strain (\ 2.0%), increased variation could mask the overall magnitude of change in some specimens. However, from a magnitude standpoint, the mean magnitude of change induced by combined abduction/internal rotations on ACL strain was 239% of internal rotation and 116% of abduction. Frontal plane rotations of 4°did not affect differences in peak strain relative to the neutral orientation in the ACL or MCL, but abduction stimuli did elicit a greater change in strain than any other isolated rotation. This finding is similar to previous literature that demonstrated rotational offsets of 0.5°applied to the initial contact position had limited influence on knee kinetics during simulated gait [22] . However, kinetically controlled robotic models have demonstrated that 5-Nm increases in abduction torque result in additional anterior tibial translations and ACL force [5] . The MCL serves as the primary ligamentous resistor to knee abduction rotation [12] . This was corroborated in the present study, because isolated abduction and combined abduction/internal stimuli produced greater MCL strains than all other DOFs. No other rotational stimuli expressed a difference from one another or from the neutral orientation. Peak MCL strains during combined abduction/internal rotations were smaller than ACL strains. As a whole, when differences were identified between ligaments in corresponding DOFs, peak MCL strains were smaller than comparable ACL strains (Tables 1, 3 ). Despite that both ligaments resist the knee abduction rotation that is commonly associated with ACL injury [12, 24, 50] , MCL failures only occur in approximately 30% to 40% of noncontact ACL injuries [31, 34, 48] . The generally reduced peak strain of the MCL in the intact knee that was expressed in the current study may help explain why the MCL is often resistant to injury in scenarios that produce ACL failure.
Transverse plane rotations did not affect differences in peak strain relative to the neutral orientation in the ACL or MCL. This finding is affirmed by kinetically driven robotic models because the application of internal tibial torsion to weightbearing knees did not affect ACL load and did not increase internal tibial rotation in ACL-deficient knees compared with ACL-intact knees [33, 55] . Particularly for the MCL in the isolated ligament condition, all transverse plane stimuli resulted in negative strain values, which indicated the ligament was slack and not bearing load from the perturbation (Table 3) . For both ligaments, the change in strain induced by transverse plane rotations was less than frontal plane or combined stimuli involving knee abduction. Such behavior is corroborated by injury landing simulations where abduction had a substantially greater effect size on peak ACL strain than internal rotation [27] . The correlation between internal rotation and peak ACL strain observed in this injury simulation could be the result of the magnitude of stimuli because that model generated as much as 39°(3.7°) of internal tibial rotation, which is nearly 109 the perturbation utilized in the current investigation.
Combined 4°rotational stimuli did not affect differences in peak strain relative to neutral orientation in the ACL or MCL; however, comparable to isolated abduction, combined abduction/internal rotation stimuli elicited a greater change in strain for both ligaments than any other stimuli. In previous robotic, impact, and injury simulations, combined rotations have had a greater influence in intraarticular knee mechanics than either stimuli alone [5] . Because the present model provided a uniquely kinematically constrained simulation, it is possible that the magnitude of applied perturbation selected was not sufficient to elicit physiologically significant changes. None of the ACL strain values generated in the present study approached previously documented ligament failure strains. In drop landings simulated on cadaveric specimens, implanted DVRTs reported mean ACL failure strain of 19% [32] . These injuries were induced immediately after contact in limbs that were positioned relative to in vivo initial contact orientations. Similarly, as presented in previous literature [6] , specimens in the present study were also positioned relative to in vivo initial contact orientations; however, the largest mean ACL strain documented was 5%. This value would be expected to increase if the range of applied rotational stimulus was expanded. An 8°increase in abduction rotation at initial contact has been prospectively linked with likelihood of ACL injury [13] . To reproduce that 8°range without risk of specimen damage, the present investigation deviated by 4°on either side of neutral for each plane of rotation. Relative to the ACL, this magnitude of deviation created differences in the delta strain values, but not in mean strains among the various applied stimuli. As noted, application of an expanded 8°stimulus on either side of the neutral orientation for each plane of rotation would likely increase relative differences in peak ACL strain and may identify differences between the respective DOFs.
In summary, when cadaveric specimens were simulated from initial contact orientations associated with in vivo athletic tasks, isolated abduction and combined abduction/ internal rotation stimuli produced larger magnitudes of change in strain for the ACL and MCL than isolated internal rotation, despite that peak strain differences were absent between stimuli in both the ACL and MCL. Therefore, reduction of knee valgus with attention to maintaining neutral knee alignment during athletic tasks should be a driving hypothesis focus of ACL injury prevention programs because frontal plane rotations induced the greatest changes in strain on cadaveric specimens compared with other rotational stimuli. In addition, the MCL generally expressed less absolute strain than the ACL in the presented orientations, which may be indicative of how and why ACL failure often occurs without concomitant MCL injury. Finally, future cadaveric models should implement larger magnitudes of perturbation than were used in the present model because such a change is likely to increase the effect size of the observed strain outcome measures.
